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FLIGHT INVESTIGATION AND ANALYSIS OF ALLEVIATION 

OF COMMUNICATIONS BLACKOUT BY WATER 

INJECTION DURING GEMINI 3 REENTRY* 

By Lyle C. Schroeder and Francis P. Russo 
Langley Research Center 

SUMMARY 

A method of overcoming reentry communications blackout by injecting water into 
the flow field was demonstrated during the Gemini-Titan 3 (GT-3) mission. Significant 
!eve!s ef sip21 strength iiizrease diiiii-iiig the early poriion of t i e  water injection sequence 
over an altitude range f rom 272000 to 246000 ft (82.90 to 74.98 km) were noted by groiind 
stations on VHF telemetry (230.4 MHz) and V H F  voice (296.8 MHz). Enhancement of 
C-band beacon signal (5690 MHz) was observed during the latter portion of the water 
injection sequence over an altitude range from 200000 to  160000 f t  (60.96 to  48.77 km). 

VHF signal recovered during water injection at various ground stations indicated 
that the antenna pattern was directed in the radial direction of injection from the space- 
craft, in  agreement with preflight predictions. 

Previous work has shown that the most probable cause of the loss of VHF signal 
recovered is reduced injectant penetration, although nonoptimum antenna location, injec- 
tion site, vehicle attitude, and insufficient persistance of the communications window may 
have been principal factors. 

A comparison of calculated electron concentration, based on theory in which recom- 
binations at or near the surface of water drops a r e  assumed to be the primary mechanism 
of causing reduction of the electron concentration, with values deduced from the observed 
VHF attenuation data is reviewed. 

The C-band signal attenuation during the Gemini 3 reentry was not predicted. The 
C-band attenuation and recovery a r e  explained on the basis of ablation products in the 
separated-flow plasma. 

Tit le, Unclassified. * 
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INTRODUCTION 

Reentering manned spacecraft usually suffer a lapse in communications, or a 
communications blackout, due to  interaction of electromagnetic energy with free elec- 
trons thermally generated in the oblique bow shock. Blackout has averaged about 5 min- 
utes on Mercury and Gemini and is expected to last much longer on Apollo spacecraft 
ear th  reentry from lunar missions. Because tracking during reentry is important in 
determining the landing point of the spacecraft and this period presents the most severe 
heating, acceleration, and guidance problems for the spacecraft, it is desirable to  res tore  
communications during all or  par t  of the blackout. 

Methods of alleviating communications blackout have been sought for some time. 
Various techniques studied as a part  of Project RAM (Radio Attenuation Measurement) 
have included use of static magnetic fields, aerodynamic shaping, microwave ca r r i e r  
signals, and material injection into the flow field. Each of these studies culminated in 
a flight test of the respective alleviation technique on a slender probe (refs. 1 to 3).  

One of the most significant results of these flight tests was  the almost complete 
elimination of radio attenuation by the injection of water into the plasma sheath from the 
stagnation point and from sites on the sides of the RAM B2 (ref. 3). 
due to  side injection is of particular significance to  the Gemini or Apollo spacecraft 
because it showed that water injection does not have to encompass the entire flow field 
to  be effective but can be confined to  the flow field in the vicinity of the antenna. 

The signal recovery 

To test  the window concept further on large blunt spacecraft, an in-flight water 
injection experiment was conducted during the reentry of the Gemini 3 spacecraft on 

Recovery of both the V H F  and C-band (which was not expected to  be 
attenuated) signals was noticed during par ts  of the attenuation period; this demonstrated 
that blackout alleviation by creating a window in  the plasma sheath of large blunt-nose 
spacecraft is feasible. These results were previously reported in references 4 to 6. 

This report  presents (1) the experiment concept, (2) review of studies made to  

. March 23, 1965. 

determine how to  achieve the proper size window, (3) the Gemini 3 results, and (4) an 
analysis of the signal-strength results in light of the design parameters,  the predicted 
flow-field electron concentration, and the predicted radiation patterns. In the appendix 
by Francis P. Russo and Aubrey E. Cross  is discussed an experimental simulation of the 
VHF radiation pattern of the Gemini spacecraft surrounded by a plasma sheath with a 
communications window. 
water injection parameters and initial design estimates of water flow rate, in reference 8 
for  analysis of the flight results from a fluid mechanics standpoint and for theoretical 

calculations of electron concentration Ne and comparison with the data, and in refer- 
ences 9 and 10 for the analysis of C-band signal recovery. 

Frequent use  is made of the work reported in reference 7 for 
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EXPERIMENT DESIGN 

Experiment Concept 

The concept of this experiment was to create a signal transmission window in 
the plasma sheath by the injection of water into a narrow slice of the flow field from the 
side of a large blunt body. Although mass flow requirements for the whole flow field of a 
blunt body a r e  quite large, the mass flow requirements can be considerably reduced if 
injection is confined to a narrow slice or sector of the flow field. Therefore, the first 
step in the design was to determine a minimum window size which would result in  restora- 
tion of the signal. 

for VHF signal transmission (Ne = log/=) in  this region, that is, the window, by water 
injection (ref. 11). Hence, the minimum depth of penetration ir. 
required to  be to  at least the depth at which Ne decreased below the critical level (for a 
given signal frequency.) For the Gemini spacecraft a radial penetration of 0.9 the dis- 
tance to  the shock layer would be required (ref. 8). The minimum width of the window 
was taken to  be h/2 (where X is the wavelength of the transmitted signal), based on 
elementary waveguide theory, although it is shown in the appendix that propagation below 
normal waveguide cut-off is possible in lossy waveguides. However, as discussed in 
reference 12 and the appendix, signal recovery was expected to  be directionally depend- 
ent since the diameter of the Gemini spacecraft and associated plasma sheath was large 
with respect to a VHF wavelength. Finally, the length of the window was assumed to  be 

adequate as long as the region of reduced Ne (below critical levels) extended over the 
antenna transmitting the signal. 

3 It was required that the electron concentration be reduced below the critical level 

+hn ,.o,J:.-,l J f - - - - L *  
A rCUIal UII e u i u n  was  

With these estimates of the dimensions required for the window, mass flow require- 
ments of water to  reduce electron concentration below the critical level (for a given fre- 
quency) can be calculated. These calculations, which were performed in reference 7 
using different assumptions, give results with considerable scatter for the required 
aniounts of water. Hence, the injection program was designed to provide for a large 
range 9f f k x  rztltes; jiv~dximumjMinimum = 25). The determination of the design levels 
of experiment parameters is given in subsequent sections. 

Gemini Spacecraft 

The Gemini spacecraft reentry configuration is shown in figure 1. The overall 
length of the spacecraft is about 145 in. (368 cm) and the diameter at the heat-shield- 
spacecraft juncture is 90 in. (228.6 cm). Other spacecraft dimensions a r e  indicated in 
the figure. The weight of the Gemini reentry configuration is of the order of 9000 lb 
(40034 N). 
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The location of the three C-band antennas on the conical cabin section and the VHF 
systems antenna on the aft end of the spacecraft is shown in figure 1. The location of the 
compartment used for the water injection experiment system is also shown. This com- 
partment is commonly referred to as the right main landing-gear well. 
description of the spacecraft is given in reference 9. 

A detailed 

The spacecraft structure consisted of a titanium load-bearing frame containing an 
internal pressurized cabin and supporting systems which were covered by thermal insu- 
lation and a heat protection surface. Since the heat protection surface, particularly if it 
is ablative, can have an influence on the reentry plasma electron concentration, a brief 
description is given. (The effects of ablation products were not included in the experi- 
ment design and analysis (except for C-band) since the effects were expected to be small, 
especially in  the inviscid layer.) The heat shield is made of a fiber-glass honeycomb 
core filled with a silicon elastomer ablator. The conical cabin portion of the spacecraft 
is covered with Rene' 41 shingles 0.016 inch (0.041 cm) thick. The center cylindrical 
body and the conical afterbody, with the exception of the VHF antenna fairing, a r e  covered 
with beryllium shingles of variable thickness. A detailed analysis of the effects of the 
Gemini heat shield ablation products on electron concentration is given in reference 9. 

Attitude control of the spacecraft during flight is maintained by jets on the cylindri- 
cal portion of the spacecraft. 
and oxidizer nitrogen tetroxide N2O4; this information is included since the thrustors 
exhaust the chemical products of these fluids into the flow field. 

These jets use the fuel monomethyl-hydrazine (CH2)NzH3 

Gemini Reentry Environment and Expe r ime nt Geometry 

The Gemini spacecraft center of gravity is off the axial center line; this forces the 
spacecraft to f ly  at an angle of attack and develop lift. Since the center of gravity is 
toward the bottom of the spacecraft (all directions a r e  with respect to the astronauts), 
the bottom part of the spacecraft is tilted slightly toward the wind (and is called the wind- 
ward side). The lift vector is directed towards the bottom of the spacecraft. By con- 
trolling the roll attitude of the spacecraft, the astronauts a r e  therefore able to maneuver 
the spacecraft to some extent toward a desired landing point. 

The Gemini spacecraft begins reentry with the heat shield facing forward and the 
astronaut's viewing window side (top) of the spacecraft normally facing down. This view 
of the spacecraft (from the south) is shown in the lower sketch of figure 2. 
orientation, the astronauts a r e  heads down and flying backward. Since during this mis- 
sion the spacecraft was being maneuvered, the Gemini spacecraft was banked 45O to  the 
left at the start and throughout most of the blackout. This orientation of the Spacecraft 
as viewed from the south side of the flight path is shown in the upper sketch of figure 2. 

For this 



The bow shock typical of Gemini spacecraft flying at angle of attack is much more 
(See fig. 2.) The flow field on the windward tightly wrapped around the windward side. 

side of the spacecraft is "attached" so that an inviscid layer extends from the vehicle 
boundary layer out to the shock. However, the flow field on the leeward side of the 
spacecraft contains a separated-flow region. A complete description of the flow field 
is given in reference 9. It is most desirable to  locate the injection nozzles on the 
windward side of the spacecraft, where water requirements should be least since the 
flow-field volume which is above Ne critical is least. 

The water injection system was actually installed on the right main landing-gear 
door about 28O to the right of the windward side of the spacecraft. (See fig. 1.) This 
nonideal location was a result of guidelines requiring minimum interference with space- 
craft structures and schedules. The water injection nozzles were placed toward the r e a r  
of the experiment compartment (fig. 1) and angled forward (at a 20° angle with the spare- 
craft surface) to increase the dwell time of the water in the vicinity of the spacecraft and 
to allow the water jet more time to break up. Also, the distribution of water in the flow 
field as indicated by wind-tunnel test  data (ref. 7) is shown in figure 2. The volume 
occupied by the water spray would be the communications window under idealized 
conditions. 

It can also be seen from figure 2 that the roll attitude of the spacecraft was  such 
that the injection nozzles were directed slightly away from the ground (about 15O above 
the southern horizontal). This roll attitude was a result of other mission constraints and 
was not a preferred attitude to test  water injection. 

Experiment Systems 

Water injection system.- The onboard experiment consisted of a water injection 
system which was designed into the right main landing-gear door. Since the right main 
landing-gear door was completely removable, the system was completely independent of 
other spacecraft interfaces except for  the electrical actuation switch and the leads to  the 
astronauts' cabin. The gas pressurized water injection system is shown srhPmntir2Ily 
in  figure 3. The system was actuated by the right astronaut. A switch simultaneously 
released water expulsion pressure through the regulator to  the water tank and started 
the mechanical t imer.  Once every 15 seconds the timer opened and closed contacts to 
each of three solenoid valves f rom which water was injected. This system was designed 
to produce pulses alternately of approximately 0.3-, 1.5-, and 7.5-lb/sec flow rate (0.14, 
0.68, and 3.4 kg/sec) with durations of 1/2, 1/4, and 1/10 second. 
typical ideal injection cycle. The water supply is depleted after about 12 cycles. 

Figure 4 shows one 

Figure 5 illustrates the exterior of the door covering the experiment compartment. 
The location of the door on the spacecraft and the nozzles on the door, a closeup of the - 5 
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water injection nozzles, and data pertinent t o  the respective nozzles are shown. The 
injection orifices were essentially uniform bore holes drilled in insertable nozzles. The 
outer surface of these nozzles was normal to  the injection orifices. 
directed forward so that the injection direction was about 20' off the spacecraft surface. 
This arrangement was  used to  increase the dwell t ime of drops in the vicinity of the 
spacecraft. Figure 6 shows the experiment equipment installed on the inside of the 
right main landing-gear door. The electrical details of the system are presented in 
figure 7. 

The nozzles were 

R F  systems.- Three frequencies were in operation during reentry: VHF telemetry 
at  230.4 MHz, VHF voice at 296.8 MHz, and C-band a t  5690 MHz. The VHF telemetry 
system transmitted a power of 2 W into a quarter-wave stub antenna with a gain of 
2.5 dB over isotropic and a VSWR of about 2 .1 : l .  The VHF voice system transmitted a 
power of 3 W into the same stub antenna with about the same gain and a VSWR of about 
2.85: l .  (During the injection period, the astronaut keyed the VHF voice transmitter to  
attempt communication on this link also.) The C-band radar transponder operates at 
1-kW peak power which is fed to three helical antennas to form a circular roll  pattern. 
The C-band signals were phase modulated t o  fill in nulls caused by interference between 
antennas. 

Ground stations. - During the experiment operation period, ground stations near the 
reentry flight path (fig. 8) monitored signal strength on VHF telemetry, VHF voice, and 
C-band frequencies. Signal-strength monitoring capabilities a t  the various stations are 
listed in the following table: 

Station 

Eglin Air Force Base 
Mission Control Center at Cape Kennedy 
Telemetry Site I1 at Cape Kennedy 
Mila at Cape Kennedy 
Patrick Air Force Base 
Grand Bahama Island 
Grand Turk Island 
Anclote Point (Eglin AFB) 
Key W e s t  (LRC van) 
Homestead (LRC van) 
Aircraft (4) 

Signal monitored 

VHF telemetry 

X 
X 
X 

X 
X 
X 
X 
X 
X 

VHF voice 

X 
X 
X 

X 
X 
X 
X 

C -band 

X 

X 
X 
X 
X 
X 
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Design Estimates of Flight Parameters  

Spray penetration and cross-sectional area.-  In order to predict adequately the 
required amount of injectant flow rate, it is necessary to  know the variation of injectant 
penetration and lateral dispersion during reentry. Studies were made in the Langley 
Mach 8 variable-density tunnel to predict the spray penetration and cross  -sectional a rea  
during flight. These predictions have been previously reported in reference 7. 

Under the conditions of fixed pressure and nozzle size, penetration could not be 
optimized throughout the blackout altitude range. For this reason, "design" altitudes 
were selected for each flow rate at which penetration was optimized. Penetration dis- 
tance was chosen to  extend almost to the bow shock at these altitudes by proper choice 
of nozzle size. Penetration for the high, medium, and low flow rates  was designed to be 
optimum at 225 000 f t  (68.58 km), 240 000 f t  (73.15 km), and 262 000 f t  (79.86 km), 
respectively. The altitude for optimum penetration for each nozzle was chosen to be 
the altitude a t  which the pedictec! f!cw r z k  i-eqiiiled was q u a i  to  the actual 1 1 0 ~  rate  
injected. 

The predicted variation in penetration with altitude for the conditions of the 
Gemini 3 flight is shown in figure 9. Shown also in this figure is the distance from the 
body to the shock (approximately where Ne drops below the critical level), which is 
defined as the optimum penetration distance. 

The design predictions for penetration were computed by assuming a nominal 
15' angle of attack a for the spacecraft during the reentry blackout. During the actual 
Gemini 3 flight, the angle of attack was go instead of the nominal 15O. As a result, the 
penetration distance required at a given altitude was recomputed for the lower angle of 
attack and is also shown in figure 9. A comparison of these results indicates that the 
penetration distance required at a given altitude is greater for go angle of attack. 

It is seen that penetration decreases rapidly with a decrease in altitude. At 
higher-than-design altitudes, penetration would be large, and inefficient use of the water 
would result. At lower-than-design altitudes, penetration would be insufficient to open 
a window through the entire plasma sheath. 

The lateral  dispersion was also observed in a se r ies  of wind-tunnel tes ts  (ref. 7). 
Scaling of these resul ts  to the flight model indicated that injection would cause a lateral  
distribution of water in the vicinity of the VHF antenna, which would cover an angle of 
about 60° to  90° and would be centered about the plane of the injection nozzle. There- 
fore, it was concluded that the lateral distribution of water was adequate to open a slot 
greater than the minimum required width of 1/2 VHF wavelength. 

below 109/cc in  the inviscid air plasma were previously reported in reference 7 and a r e  
Flow rate required.- The design estimates of flow rate required to reduce Ne 
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Flow rate Design altitude 

lb/sec kg/sec f t  km 
. Percent evaporated 

7.5 3.40 225000 68.58 30 
1.5 .68 240000 73.15 30 to  40 
.3 .14 262000 79.86 25 to 35 

8 -r 

Ne/CC 

4 x 107 
109 
1010 
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to the south of the flight path. In figure 10(b) the pattern is continued from C#I = 1800 
to C#I = 360° and shows the radiation field for  stations to the north of the flight path. 
By plotting station look angles on the contours, a signal profile was obtained for each 
tracking station. It is evident from these plots that the south stations should receive 
substantial signal recovery due to the orientation of the window in that direction. The 
stations to the north, however, with the exception of Grand Bahama Island, a r e  looking to  
the back side of the window and therefore should show only marginal signal recovery. 

RESULTS 

Reentry Events and Conditions 

The variations with time from lift-off of reentry altitude and velocity and of 
reentry angle of attack and roll  attitude are shown in figures 11 and 12, respectively. 
The reentry flight path was previously shown in figure 8. Tn these fig~res, special ref- 
erence is made to  t imes important to the experiment. VHF blackout began at 4:39:59 
[hour:minute:second elapsed from lift-off) at an altitude of about 318 000 f t  (96.93 km). 
At about 4:36:26 (3 min 33 sec  before blackout), the spacecraft executed a left roll of 
approximately 45O, which placed the injection nozzles about 75O south of straight up or 
about 15O above the horizontal. The spacecraft remained at this attitude until about 
4:43:40 when the roll angle was reduced to approximately zero (fig. 12); this caused the 
injection nozzles to  point about 30° south of straight up. The experiment was actuated at 
4:41:16 (1 min 17 sec  after blackout began) at an altitude of 272000 f t  (82.90 km), and it 
ended 3 min later at an altitude of 160000 f t  (48.77 km). VHF blackout ended at 4:45:00 
at an altitude of 134000 f t  (40.84 km). Angle of attack which was predicted to  be a nomi- 
nal 15O during this period was much lower than expected. The maximum angle of attack, 
as seen in figure 12, was about loo. 

Water Flow Rates 

The flow ra te  of the water injection system was determined by preflight calibration 
and was not monitored in real  time. Twelve cycles of three different flow rates  from 
0.3 to 7.5 ibjsec (0.14 to 3.4 kg/sec) were employed over the data period. The flow rate  
sequence was shown previously in figure 4. The mission times (time from lift-off) at 
which flow ra te  pulses started a r e  given in table I. Pulse times during the first 45 sec 
and the last minute of the injection period were verified by signal-strength pulses; the 
remaining pulse t imes were determined by extrapolation. 

9 
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Cycle 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

TABLE 1.- STARTING TIMES OF FLOW RATE PULSES 

Low flow rate  pulse 

4:41: 15.9 
4:41:31.2 
4:41:46.5 
4:42:01.8 
4 :42: 17.1 
4:42:32.4 
4:42:47.7 
4:43:03.0 
4:43:18.3 
4:43:33.6 
4:43:48.9 
4:44 :04.2 

Time, hr:min:sec, of - 
Medium flow rate pulse 

4:41: 19.9 
4:41:35.2 
4:41:50.5 
4:42:05.8 
4:42:21.1 
4:42:36.4 
4:42:51.7 
4:43:07.0 
4:43:22.3 
4:43:37.6 
4:43:52.9 
4:44:08.2 

High flow rate pulse 

4 :41:24.6 
4 :41:39.9 
4:41:55.2 
4 :42: 10.5 
4:42:25.8 
4:42:41.1 
4:42:56.4 
4:43:11.7 
4:43:27.0 
4:43:42.3 
4:43:57.6 
4:44 :12.9 

Duration of pulses: Low, 0.46 sec; medium, 0.21 sec; high, 0.10 sec  

Signal-Strength Measurements 

The signal-strength records from Langley vans at Key West and Homestead, Fla., 
aircraft  3, aircraft  4, and Grand Bahama Island show that significant levels of signal 
recovery were observed on VHF telemetry and V H F  voice corresponding to  the high flow 
rate  pulses during the early portion of the water injection sequence. 
longitude and altitude when pulses were noted are shown in figures 8 and 11. 
plots of VHF signal strength against t ime show two well-defined signal-recovery pulses 
plus a less definitive third one received at the Key West station. Each signal-strength 
pulse corresponds to  a high flow rate water pulse. Signal-recovery results from all 
stations are given in table II. Aircraft  3, aircraft 4 ,  and Grand Bahama Island stations 
did not receive the third signal-recovery pulse. No VHF signal recovery was received 
during the low and medium flow rate  injections. No VHF signal recovery was observed 
a t  any stations other than those listed in table 11. 

The latitude and 
In figure 13, 

Signal-strength records from Mila (Cape Kennedy, Fla.) and Grand Bahama Island 
C-band radars show signal-strength enhancement pulses corresponding to  the latter 
portion of the injection sequence. The level of signal-strength increase indicates that 
the signal was not greatly attenuated. The C-band signal-strength oscillograph record 
obtained at Grand Bahama Island is shown in figure 14. The record is broken so that each 
line is one injection period long. The t ime during which injection occurs is indicated. 

10 - 
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TABLE 11.- VHF SIGNAL RECOVERY (DECIBELS) 

~ e c e i v e r l  Station 
High flow rate pulse Receiver 

noise level - Cycle 1 Cycle 2 Cycle 3 
I 

Key West 

Homestead 

Grand Bahama Island 
Aircraft 3 
Aircraft 4 

Telemetry 
Voice 
Telemetry 
Voice 
Telemetry 
Telemetry 

I I I 

0.25 pV 25 dB 26 dB 25 dB 
.25 pV 20 dB 23 dB 25 dB 
.04 pV 22 dB 27 dB Trace 
.13 pV 10 dB 22 dB Trace  
.20 p v  15 dB 17 dB 
.18 pV 10 dB 5 dB 

Telemetry .13 pV 5 dB I 
1Telemetry frequency, 230.4 MHz; voice frequency, 296.8 MHz. 

Pulses of significant level can be seen corresponding to  the medium and high flow rate 
water pulses. The ststims zt Gracc! S a h Z i i i Z  isiarld ana Miia were tracking in the beacon 
mode. The other Cape Kennedy radar was tracking in the skin-track mode and conse- 
quently did not record any enhancement pulses. The C-band radar records at Eglin Air 
Force Base did not show these enhancement pulses. Anclote Point C-band data are 
inconclusive since the time correlation of the signal-strength record with the experi- 
ment injection pulses could not be established. 

DISCUSSION O F  V H F  SIGNAL-STRENGTH RESULTS 

Signal-strength results show that the Gemini VHF signal which had been completely 
blacked out was increased to a high level above receiver noise by water injection. The 
significance of these results is that the water injection technique of radio signal attenua- 
tion alleviation has  been shown to work for a body of the size, shape, and velocity of 
Gemini, which is typical of current manned reentry spacecraft. 

Although the design range of water injection parameters was not adequate to  main- 
tain VHF signal recovery Over the entire blackout period, the high degree of signal 
recovery obtained down to  245 000 ft (74.68 km! dem~nstr&s thc zqplicabiliiiy OT mate- 
rial addition techniques to  blunt-type spacecraft. The inability to  maintain communica- 
tions at the lower altitudes with the design range of injection parameters was analyzed 
from a fluid mechanics (ref. 8) and electromagnetic standpoint and it appears that the 
following factors are involved: 

(1) Insufficient injection penetration - The increase in the shock layer thickness 
due to the lower than predicted angle of attack would have required injection penetration 
greater  than provided. Insufficient penetration would result in an electromagnetic win- 
dow of inadequate depth. The altitudes when injection pulses occurred are plotted on the - 11 
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penetration prediction plot (fig. 9); it can be seen that penetration (based on the actual 
go angle of attack) was marginal at the altitude where the fourth recovery pulse would 
have occurred and was thereafter insufficient. 

(2) Unknowns of the Gemini flow field - The addition of ablative products con- 
taining metals of low ionization potential a r e  known to cause the electron concentration 
in the flow field to increase. The electron concentration due to ablation products in the 
separated-flow and shear layers on the leeward side of Gemini was calculated to be 
higher than the corresponding inviscid Ne in references 9 and 10. Also, the location 
of the VHF antenna in a separated-flow wake region could conceivably contribute to 
lower-than-predicted recovery levels. (See refs. 7, 8, and 10.) 

(3) Unfavorable aspect angle - Since signal recovery was very dependent on 
vehicle aspect angle (see section beginning on p. 13), it is conceivable that minor devia- 
tions in vehicle aspect caused by flight could contribute to loss of VHF signal recovery. 
For example, for the Key West and Homestead stations, roll  aspect angle increased 
from about 200 off ideal receiving attitude during the second large flow rate  pulse to 
about 300 off ideal receiving attitude during the third such pulse. 

(4) Insufficient persistance of the VHF communications window - Since the Gemini 
VHF antenna is about 8 f t  (243.8 cm) downstream of the injection site, diffusion of elec- 
trons into the spray region and decreasing density of the spray with distance could result 
in a window of insufficient length. In the appendix it is shown that if the window does not 
extend to the VHF antenna (slot length = 3X), signal recovery is greatly reduced. A 
similar decrease in effectiveness of water addition with distance aft was noted on the 
RAM B2 flight test  (ref. 3), where three antennas were located from 2 to 10 f t  (60.9 to  
304.8 cm) downstream of the injection site. 

Although the reasons for the decrease of VHF signal recovery a r e  not conclusively 
known, the period during which signal recovery was recorded provides an opportunity to 
construct and examine theoretical predictions, using measured flight results fo r  
comparison. 

Comparison of Calculated and Observed Electron Concentration 

During Water Injection 

Computations of the electron concentration in  the inviscid flow during the high flow 
rate injection pulses were compared with the electron concentrations deduced from VHF 
signal attenuation in reference 8. It is indicated in references 9 and 10 that the electron 
concentration in the shear layer and in the aft separated-flow region in the vicinity of the 
VHF antenna may be greater than that in the inviscid layer. However, since injection 
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took place only on the windward side where the flow is largely attached, the shear layer 
would be smaller and i ts  effect on VHF communications is presumably less important. 
Also, temperature measurements during water injection tes ts  reported in reference 7 
indicate that ample cooling due to water injection occurs in the aft separated region to 
reduce the electron concentration below crit ical  for VHF. 

The resulting plot of peak electron concentrations at the VHF antenna station during 
the high flow rate water injection as a function of altitude is reproduced from reference 8 
in figure 15. Solid lines a r e  faired through solutions to  theoretical computations which 
included the effect of both droplet surface and the usual recombination mechanisms, 
whereas dashed lines a r e  faired through a solution in which only the effect of droplet 
surface recombination was considered. The altitudes where the first four high flow 
rate  water injection pulses occurred a r e  denoted in the figure. A horizontal line at 
Ne = 109/cc represents the approximate critical value of Ne for VHF communications. 

It is seen that for both calculations, elwtrnn ccccefitratioii is weli below critical Ne for 
thef i r s t  two high flow rate pulses and somewhat greater than critical Ne for the third 
and fourth pulses. These results compare favorably with the observations that signal 
recovery was strong for the first two high flow rate injections, marginal for the third, 
and undetectable from then on. Although many assumptions about the spray and flow- 
field conditions are required to make a calculation of this type, the results seem to  indi- 
cate the proper trend. 

Comparison of VHF Flight Signal Strength Measurements 

With Ground Simulation Measurements 

In order t o  determine the degree of VHF signal recovery, it was  necessary to  use 
free-space patterns of the scale model to calculate the reference level for each tracking 
station. This was necessary because the tracking stations were unable to acquire a ref-  
erence signal from the Gemini spacecraft prior to blackout. The comparisons of the 
measured signal-recovery levels with those predicted on the basis of the simulation a r e  
given relative to  the computed free-space signal reference level in figure 16. 

The three rCCG\-ei-y pulses observed occurred over an altitude range from 262 000 
to  245 000 ft (79.86 to 74.68 km) and were obtained for the high flow rate. Key West and 
Homestead, however, were the only stations to  record recovery during the third pulse 
(table I). The predictions for Key West show close agreement with actual signal-recovery 
levels. At Homestead, the first recovery pulse is 6 to 8 dB below predicted level; whereas, 
in the second pulse, the 296.8-MHz recovery is within 1 dB and the 230.4-MHz recovery is 
within 4 dB of the predicted recovery. 
and shows a recovery of -20 dB and of -27 dB for the first pulse and second pulse, 

Aircraft 3 received only the 230.4-MHz signal 
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respectively, which are somewhat below the predicted level. Aircraft 4 also received 
only the 230.4-MHz signal and recorded only the second recovery pulse which is 5 dB 
above predicted level. 
The predicted recovery levels of -30 dB (first pulse) and -27 dB (second pulse) for Cape 
Kennedy and -35 dB and -26 dB for  Anclote Point, however, indicate that signal recovery 
would be marginal. 
approximately 3 dB higher recovery than predicted. Since Grand Turk Island and air- 
craft 6 were not within tracking range during this portion of the experiment, results for  
these stations are not included. Although a high recovery level was predicted for Eglin 
AFB, no recovery pulses were observed. During the three pulses, however, the station 
look angle w a s  such that the propagation path included a large section of the wake which 
was not accounted for  in the simulation tests. 

At Cape Kennedy and Anclote Point, no recovery was observed. 

Grand Bahama Island only tracked the 230.4-MHz signal which is 

It therefore appears that the antenna pattern simulation predicted the general 
behavior of the radiation characteristics while recovery was observed, that is, the time 
the communications window was  open. On this basis, Gemini VHF signal recovery at 
a ground station is strongly dependent on the location of the communications window in 
the vicinity of the line of sight to  this ground station. 
appendix, signal recovery is greatly reduced if the length of the communications win- 
dow is much less  than 3X (about 9 f t  (274 cm)). 

Further, as pointed out in the 

C-BAND ATTENUATION AND RECOVERY 

The signal-strength records show that C-band signal attenuation was  observed at 
altitudes between 200 000 and 160000 ft (60.96 and 48.77 km) and that signal-strength 
enhancement occurred for both medium and high flow rate pulses. Since C-band signal 
was not blacked out, these results indicate that the electron concentration during periods 
of no injection was about 4 X l0l1/cc, which is critical Ne for C-band. At these alti- 
tudes, alleviation of VHF attenuation, which would have required reduction of Ne below 
lOg/cc, did not occur. 

Calculations of the finite rate chemistry (ref. 10) show that the electron concentra- 
tion in  the Gemini inviscid flow is insufficient to  explain any attenuation of C-band signal. 
However, reference 10 indicates that the electron density interior to the inviscid flow in 
the separated-flow and shear layers can greatly exceed the levels in the inviscid flow. 

An analysis of the C-band results of this experiment was presented in reference 10, 
which showed that the observed attenuation may well have been caused by ionized ablation 
products in the separated zone of the flow field. In figure 17 this concept is used to  
explain the signal recovery noted. In this figure, the calculated Ne levels in the invis- 
cid flow (lower curve) and the electron concentration observed during this and previous 
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Mercury flights (upper curve) a r e  plotted against altitude. The analysis of reference 10 
concludes that the electron concentration observed in  flight without water addition during 
C-band attenuation is due to  the separated-flow region (corresponds to the upper curve in 
fig. 17). The altitudes at which water was injected and signal was  recovered a r e  indicated. 
As previously stated, VHF recovery was achieved for the first three high flow rate pulses 
at stations on the south only, between altitudes of 272 000 and 246 000 f t  (82.90 and 
74.98 km). Since Ne is above critical for  VHF in both the inviscid and separated-flow 
plasmas, the water injected must penetrate through both plasmas to produce recovery. 

When penetration became insufficient to reduce Ne in the outer layers of the inviscid 
plasma, the VHF signals were blacked out. Later, the separated-flow Ne became large 
enough for C-band attenuation. As has been shown, recovery is noted on C-band for these 
t imes at stations north of the flight path, which were the only C-band beacon tracking sta- 
tions available during this portion of the reentry. 

T h e  a t tPnmt inn  and r e c ~ / e r > 7  nf C-band ~igca! i n&~ate  t h ~ t ,  a:thoUgh peiieir-aiion is 

not sufficient to relieve the inviscid plasma Ne below critical for VHF, the electror. 
concentration in the separated region is being reduced below the critical C-band level. 
The recovery of C-band signal from the north supports this belief. Diffusion and mixing 
in the separated region would allow the spreading of material addition completely through- 
out this region, and since this region shields all three C-band antennas from the north 
stations, the recovery from the north is thus explained (ref. 10). Inasmuch as the invis- 
cid plasma mixing is confined to a rather narrow sector of flow, any signal recovery due 
to injection, when this plasma is above critical, would be directional so that little or no 
signal recovery would have been observed by the north stations. 

CONCLUDING REMARKS 

A flight tes t  has been conducted to determine if radio attenuation during hypersonic 
flight can be alleviated by injection of water into a narrow sector of the flow field. The 
tes t  vehicle was the Gemini 3 spacecraft. Attenuation levels with and without water 
injection were recorded during the reentry portion of this flight on frequencies of 230-4, 
296.8, and 56YU MHz over a range of altitudes from 350000 to  160000 f t  (106.68 to 
48.77 km) and a range of velocities from 24 200 to 15000 ft/sec (7.376 to 4.572 km/sec). 

From the signal-strength data obtained, the following remarks can be made: 

1 .  Signal recovery was achieved during parts of the experiment data period on both 
VHF and C-band and, therefore, it is possible t o  alleviate radio attenuation on a blunt 
body by water injection into a narrow slot in the flow field. 

2. The variation with altitude of electron concentration during water injection cal- 
culated by a method which assumes the primary mechanism for signal recovery is - 15 
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recombination of electrons and ions at the surface of water drops shows the same trend 
as that of the electron concentration deduced from the VHF signal recovery. 

3. V H F  signal-recovery radiation pattern is in good agreement with the radiation 
pattern obtained under simulated flight conditions. 
was predicted and verified that the signal would be beamed in the radial direction of 
water injection. 

From simulation and flight results it 

4. The C-band signal attenuation was probably caused by ionized ablation products 
in the separated and shear layers of the flow field. 

5. The loss of the VHF communications window at altitudes below 245000 ft 
(74.68 km) was probably due to  inadequate injection penetration caused by off-nominal 
vehicle attitude. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., August 18, 1967, 
125-21-02-09-23. 
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EXPERIMENTAL DETERMINATION OF EFFECTS OF A SLOTTED 

PLASMA SHEATH ON RADIATION CHARACTERISTICS 

OF THE GEMINI STUB ANTENNA 

By Francis P. Russo and Aubrey E. Cross 
Langley Research Center 

. 

This appendix presents numerical results of the analytical studies and ground 
simulation tes ts  to determine the radiation properties of the Gemini VHF stub antenna 
shrouded by a slotted plasma sheath. 

Syrnhnls 

shroud diameter 

electric field (polar coordinates) z -component 

radial magnetic field (polar coordinates) 

circumferential magnetic field (polar coordinates) 

aperture length 

electron concentration 

first and second transverse electric modes 

sheath thickness 

aperture width 

slot width 

loss tangent 

relative dielectric constant 

spherical coordinate angle between a vector and Z-axis 

f r e e  -space wavelength 

complex conductivity 
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@ spherical angular coordinate in X Y  (roll) plane 

w signal frequency in f ree  space, radians 

plasma frequency, radians 

Antenna Test Model and Radiation Coordinate System 

A 1/18-scale modeling system was selected on the basis of providing reasonable 
model sizes and availability of test equipment in the corresponding frequency range. 
4800-MHz test  frequency was obtained by scaling the mean value for the 230.4-MHz and 
296.8-MHz spacecraft frequencies. 
in figure 18. 
tained a 4800-MHz 14-mW continuous-wave oscillator and power supply. 
antenna was a one-quarter wavelength stub with a gain of 2.5 dB above isotropic. 

The 

The scaled model of the Gemini spacecraft is shown 
The model was constructed of 3/32-inch-thick (0.238 cm) copper and con- 

The 4800-MHz 

The radiation coordinate system of the antenna model is shown in figure 19. The 
spherical angular coordinates $I (in the XY-plane) and 8 (in the Z, constant @ plane) 
define the roll and yaw planes, respectively. The roll  patterns were obtained by rotating 
the model about the Z-axis  with the initial slot position at $I = Oo and the receiver 
located on the X-axis. The yaw patterns shown in the appendix were obtained by placing 
the slot initially at @ = 90° and then rotating the model about the X-axis, with the 
receiver located on the Z-axis. Other pattern measurements were made in the yaw plane 
fo r  5O increments in roll t o  obtain radiation contours for the model. Signal-strength 
measurements were made with a RHC (right-hand circular) helix receiving antenna having 
a 39O beam width and 8-dB gain. 

Plasma Sheath Simulation 

Under the Gemini entry environment in which the electron density in the ionized 

flow surrounding the stub antenna is above Ne critical at VHF, there  will be negligible 
R F  energy leakage through the plasma sheath. Consequently, for  the slotted plasma 
sheath, the  power density in the far radiation field will be determined primarily by the 
transmission properties of the slot. Under these conditions a reasonable simulation of 
the slotted plasma sheath could be obtained by the use  of high loss  dielectrics geometri- 
cally scaled to the reentry environment. The materials used to  simulate the absorptive 
properties of the plasma sheath consisted of polyester res ins  impregnated with 50 per- 
cent graphite by weight. This mixture produced an absorber with a relative dielectric 
constant E' of 9 and loss tangent 6 of 0.9 at the 4800-MHz test frequency. 

To obtain pattern measurements in relation to  sheath thickness and aperture size, 
the shroud configurations in figure 20 were utilized. The shroud diameter d is chosen 

18 - 
U NCLASSI FI ED 



APPENDIX 
so that the wall thickness corresponds to the thickness of the sheath t surrounding the 
antenna, which is assumed opaque to  RF energy. Although the shroud configuration for 
d/X = 2 is a close simulation of the actual region of high signal losses, the cases of 
d/X = 4 and d/X = 5 were included in order to determine the pattern sensitivity to  
sheath thickness. The geometry of the window in relation to the spacecraft, which is 
shown in figure 21, was obtained from the water droplet spray profile studies of refer- 
ence 7. To determine the effects of variations in window size, measurements were made 
for aperture lengths of 2X, 3X, and 4X and for aperture widths of A, 1.5h, and 2X. 
Since preliminary measurements had shown that the patterns were relatively insensitive 
to variations in aperture width, further tests were limited to the 1.5X aperture which 
corresponds to the width of the predicted window. 

Theoretical Analysis of Slotted Plasma Sheath 

A ilieureiicai anaiysis of radiation from slotted plasma sheaths has been made at 
the Llniversity of Michigan (ref. 12) €or t i e  purpose of determining the radiation field 
produced by spacecraft antennas in relation to plasma window size, sheath thickness, and 
plasma conductivity. The mathematical model assumed applicable for plasma sheaths on 
the order of a wavelength or greater in thickness is shown in figure 22. Basically, the 
model consists of an electric line source of unit electric current along the Z-axis that is 
shrouded by a concentric plasma sheath of thickness t with an axial slot of width ws. 
The electromagnetic properties of the sheath a r e  described by a complex conductivity o 
that is assumed uniform throughout the medium. It is also assumed that the plasma fre-  
quency 
unslotted sheath. 
se t  up electric fields in the slot which couple energy from the source to free space. This 
transfer of power can be analyzed in terms of lossy waveguide concepts for specific prop- 
agation modes. In figure 23 is shown the cut-off and propagating boundaries of the two 
lowest order modes in relation to  plasma frequency and normalized slot width. 
narrow slots the analysis can be confined to the solution of the first propagation 
mode (TE1) in which the nonzero components for the elertrir field  re Ez(r,$) zciid fox 
the magnetic field a r e  Hr(r,@) and HG(r,@). It is evident from figure 23 that the 
TE1 mode will propagate through slots less  than a half-wavelength in width when the 
sheath losses a r e  small. 
the radiation field can be computed by the use of Green's function which entails the 
assumption that the electric field in the cylindrical surface is negligible. The radiation 
field for the theoretical model is given in figure 24 for sheath thicknesses t of X/2 
and 2X and a slot width ws of h/2. The plasma frequency wp and electron- 
neutral-particle collision frequency were assumed to be equal to twice the transmission 
frequency. It is evident that the radiation field becomes more directional as the sheath 

up is sufficiently high so  that there is negligible RF leakage through the 
By opening a window in the sheath, the electric line source is able to 

For 

By determining the transverse electric field in the plasma slot 
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thickness exceeds the free-space wavelength. The patterns in figure 25 a r e  for a sheath 
thickness of 3X with slot widths of X and X/2. It is seen that the slot in the cylindri- 
cal plasma sheath produces only a main forward lobe with half-power beam widths on the 
order of 750 for the half-wavelength slot and 50° for the 1-wavelength slot. 

Results of Pattern Simulation Tests 

The free-space pattern characteristics of the scale model a r e  given in figure 26. 
The roll  pattern indicates that the radiation field is fairly symmetrical about the vehicle 
although, a s  seen from the yaw pattern, there is a dropoff of approximately 15 dB in the 
vicinity of the nose and tail. The roll  and yaw patterns of the simulated plasma sheaths 
are given as a function of sheath thickness in figure 27 and figure 28, respectively, for an 
aperture length 1~ of 3h. The peak and average signal levels are given relative to the 
free-space patterns (dash-line curves). Comparison with the free-space patterns shows 
that the large sheath surrounding the spacecraft antenna results in substantial signal 
beaming in the direction of the window at 4 = 00 with very little radiation on the back 
side of the window. These results a r e  in agreement with the theoretical patterns of 
figure 25. These results also indicate that increasing the sheath thickness above 2X 
produces little change in the beam-width characteristics, which a r e  similar to those pro- 
duced by a large ground plane. Polar plots of signal strength as a function of sheath 
thickness are presented in figure 29 for an aperture length 1~ of 4X. 

Typical patterns showing the effects of aperture length on the recovery character- 
ist ics a re  given in figures 30 and 31 for  a sheath thickness of 2X. Although some 
recovery is observed for .!A = 2X, it is evident that a minimum aperture length of 3X 
is required for significant recovery levels. Although these results show that the window 
is effective in reestablishing radiation, the directive characteristics of the antenna pat- 
terns  indicate that the window orientation relative to the ground tracking stations would 
have a major influence on the received signal level. This effect is clearly illustrated in 
figure 32 in which relative signal level is plotted as a function of vehicle roll angle fo r  a 
broadside look angle (4 = goo). It is seen that the signal strength on the back side of the 
window is 25 dB below the peak value. The approximate beam widths a r e  50° at -3 dB, 
80' at -6 dB, and 180° at -15 dB. A three-dimensional plot of the radiation field was  
obtained from the anticipated window length of 4X and for a sheath thickness of 2X. 
The radiation field with the window at 4 = 900 is shown in figure 10 as a contour plot in 
which signal level in dB is given relative to  the peak free-space value. 
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Rol l  angle ,  6. deg 

(a) Receiving stations south of flight path. 

Figure 10.- Radiation field for the anticipated electromagnetic window. 



(b) Receiving stations north of flight path. 

Figure 10.- Concluded. 
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Figure 15.- Theoretical prediction of the effect of water injection on inviscid Ne in  the vicinity of the VHF antenna site. 
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Figure 19.- Antenna coordinate system (left handed). 
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Figure 20.- Comparison of shroud configurations with typical Gemini flow field. (Shroud diameter d is measured at aft end of shroud.) 

44 

: UfNCLASSl FIE [p 



t -  0 NCLASSI FI ED 
I &- 

wA z 1.5X 
-4A 

- 3 x  

- 2A 

-x 

Figure 21.- Aperture length relative to antenna location. 
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Figure 22.- Theoretical model of slotted plasma sheath. Sheath thickness t = b - a. 
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Figure 25.- Computed radiation field for slotted plasma sheath. Sheath thickness t = 3h. 
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Figure 26.- Free-space pattern characteristics. 
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Figure 27.- Roll-plane signal strength as a function of sheath thickness. Aperture length ZA = 3h. 
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Figure 28.- Yaw-plane signal strength as a function of sheath thickness. Aperture length LA = 3. 
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Figure 30.- Roll-plane signal strength as a function of aperture length. Sheath thickness t = 2h. 
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Figure 31.- Yaw-plane signal strength as a function of aperture length. Sheath thickness t = 2A. 
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